Overview
In C. elegans germ cells are a unique tissue in three important ways. As is true in all metazoa, C. elegans germ cells are both pluripotent and immortal, in that they give rise to all cell types in the next generation, and also produce all subsequent generations. Secondly, the germline is the only adult tissue that is maintained by stem cells that constantly replenish its population, as maturing gametes are either used or destroyed. The C. elegans germline is therefore more similar to self-renewing mammalian tissues than to the post-mitotic somatic tissues of C. elegans adults. Finally, the C. elegans germline is the only tissue in which apoptosis is not controlled by an invariant cell lineage. Instead, germline apoptosis appears to be an intrinsic part of the oogenesis program. One type of germline apoptosis involves the death of many early germ cells during normal oogenesis, a remarkable but little-understood phenomenon that seems to be broadly conserved. A second category is triggered by DNA damage or various environmental stresses, a property typical of essentially all cell types in vertebrates. Germline apoptosis can also be triggered by infection with certain pathogenic bacteria. Therefore, the C. elegans germline provides a valuable system for tackling the elusive question of how and why so many early oogenic germ cells die in diverse species, and for analyzing mechanisms that trigger apoptosis during normal oogenesis or in response to stress.
In this chapter, we summarize methods to visualize germline apoptosis and then discuss the two major categories of germline apoptosis. We first review "physiological" germ cell apoptosis, which occurs during normal C. elegans oogenesis (Gumienny et al., 1999) . This category of apoptosis is regulated differently from other C. elegans apoptosis, by a pathway that has yet to be identified. We next review germline apoptosis that is induced in response to a genome integrity checkpoint, a process we will refer to as DNA damage-induced germ cell apoptosis . This pathway may play an important protective role with respect to maintenance of germ cell function. We also discuss the regulation and possible functions of germline apoptosis induced by other environmental stresses or pathogen exposure (Aballay and Ausubel, 2001; Salinas et al., 2006 ). We will not cover necrotic germ cell death, which occurs under some abnormal conditions but has not been characterized mechanistically. Finally, we review our current understanding of mechanisms that maintain immortality of the germline over multiple generations.
Methods to assess germline apoptosis
Several methods have been employed to monitor germ cell apoptosis. This section reviews the advantages and disadvantages of common methods. For a more comprehensive discussion, we refer the reader to the WormBook chapter "Methods in cell biology" and . Apoptotic germ cells can be detected by the TUNEL (TdT-mediated dUTP Nick End Labeling) assay, or by the high degree of DNA condensation that is characteristic of apoptotic cells in general; however, both techniques require fixation and may be less sensitive than other methods. The most straightforward method to score germ cell apoptosis is to identify cell corpses based on their distinct morphology, as seen using DIC microscopy (Gumienny et al., 1999) . It is also possible to detect apoptotic cells by staining living animals with dyes that detect nucleic acids within apoptotic cells, such as acridine orange (AO) or SYTO 12. These stains have been tremendously useful for quantitating the steady-state numbers of apoptotic germ cells, with the caveat that AO does not work in engulfment-defective mutants.
A sensitive method for visualizing germ cell apoptosis relies on CED-1::GFP, a fusion protein that highlights the somatic sheath cell that clusters around each apoptotic germ cell during engulfment (Schumacher et al., 2005) . CED-1::GFP marks only early apoptotic corpses, which often cannot be discerned by DIC optics. This method is highly sensitive and convenient, but is not suitable when large numbers of cell deaths occur: CED-1::GFP then appears diluted among a large number of dying cells, making detection of individual cells difficult. In addition, time lapse analyses indicate that some cells surrounded by CED-1::GFP may not end up forming apoptotic corpses (Aymeric Bailly and Anton Gartner, unpublished) .
Germline Survival and Apoptosis
The number of apoptotic germ cells detected in the gonad at any given time can be affected by additional variables besides the proportion of germ cells that undergo apoptosis. For example, the steady-state number of apoptotic cells will be influenced by changes in the rate of corpse engulfment. When analyzing germ cell apoptosis, it is therefore important to investigate whether a particular stimulus or mutant alters the frequency of apoptosis independently of any possible effects on engulfment. This issue can be addressed by using DIC microscopy to count the number of germ cell corpses that accumulate in the engulfment-defective ced-1 background (Gumienny et al., 1999) . Alternatively, by performing time lapse analysis, it is possible to monitor the kinetics of apoptotic germ cell corpse formation and removal directly. In addition, the rate at which corpses are generated is theoretically determined not only by the probability that oogenic germ cells will die, but also by the rate at which germ cells are produced. It is therefore important to examine germ cell proliferation in parallel to apoptosis. Common methods to assess proliferation include counting total germ cell number, analysis of the mitotic index or determining the rate of egg laying ; Methods in cell biology). In general, given that multiple variables can influence germ cell apoptosis, it is impossible to discriminate among small differences in germ cell apoptosis frequency, as can be done for somatic apoptotic death during development (Schwartz, 2007) . Figure 1 . The C. elegans hermaphrodite gonad, and germline apoptosis. (A) Schematic representation of an adult hermaphrodite gonad. One of two gonad arms is shown. The basic features of C. elegans germ cell production have been described elsewhere (see Introduction to the germline, and Germline proliferation and its control). Briefly, germ cells are derived from a proliferating stem cell population located at the distal end of the gonad (relative to the uterus). These germline stem cells give rise to sperm during larval stages, then switch to production of oocytes during adulthood. The somatic distal tip cell regulates germline stem cell proliferation, and entry into the transition zone and prophase of Meiosis I. Germ cells are partially enclosed by a plasma membrane, and share a common cytoplasmic core. Germ cell apoptosis occurs mainly within the gonad loop region (black line), approximately as developing oocytes exit the pachytene stage of meiotic prophase. Apoptotic nuclei are shown as solid black. Apoptosis of germ cells occurs during oogenesis, and therefore is not seen in larvae or males. After pachytene exit, the surviving germ cells grow rapidly and differentiate into individual cellularized oocytes in the proximal germline, and are fertilized in the spermatheca after they undergo maturation (see Control of oocyte meiotic maturation and fertilization). (B) Cross section through the loop region, showing a single cell undergoing apoptosis. Each dying cell rapidly "pinches off" from the shared cytoplasmic core and forms a discrete cell that contains very little cytoplasm. The apoptotic cell is engulfed and removed by one of the somatic sheath cells that surround the gonad (Gumienny et al., 1999) .
Physiological germline apoptosis occurs during normal oogenesis
The landmark study of (Gumienny et al., 1999) first analyzed C. elegans germline apoptosis and revealed that this cell death occurs frequently under normal conditions. In C. elegans, germ cell apoptosis occurs only during Germline Survival and Apoptosis oocyte production, and therefore is seen only in adult hermaphrodites. Germline apoptosis is further restricted to the gonadal loop region, where developing oocytes exit the pachytene stage of meiotic prophase and transition into diplotene ( Figure 1A ). Most germ "cells" are only partially enclosed by a plasma membrane, and connect with each other via cytoplasmic bridges opening onto a common cytoplasm called the rachis ( Figure 1A ). When a germ "cell" dies, the doomed nucleus initially becomes cellularized to form a discrete cell that contains very little cytoplasm; most of its surrounding cytoplasm is left behind in the rachis (Gumienny et al., 1999) . The dying cell then undergoes apoptosis to produce a corpse that is engulfed by neighboring somatic sheath cells ( Figure 1B) . The engulfment mechanism for germline corpses is the same as for somatic corpses.
Physiological germline apoptosis occurs in the absence of any known stress and is initiated by the core apoptotic machinery, including CED-3 and CED-4 ( Figure 2 ; see Programmed cell death; Lettre and Hengartner, 2006) . However, its induction does not rely on the pro-apoptotic BH3-only protein EGL-1, and therefore differs from other C. elegans apoptosis (Figure 2) . Moreover, physiological germ cell apoptosis is not prevented by a gain-of-function mutation (n1950) of the death-inhibitory protein CED-9 (Gumienny et al., 1999) . Therefore, physiological germ cell death involves induction of the core apoptosis machinery by an unknown mechanism, making it of significant interest and a topic of current research. Physiological apoptosis is cep-1-independent and a normal feature of oogenesis. The frequency of cep-1-independent germ cell apoptosis increases in response to various cytoplasmic stresses (oxidative, heat, osmotic, starvation). It is not clear whether this increase involves the same triggering mechanism as physiological apoptosis. In each case, these apoptotic events depend upon Ras/MAP-kinase signaling. CEP-1-dependent apoptosis is induced by a DNA damage or chromosomal integrity checkpoint. Rb and E2F transcription factor subunits promote physiological cell death, and appear to function downstream of or in parallel to CEP-1 in the DNA damage response. Pathogen-induced germ cell apoptosis is arbitrarily shown as acting directly on EGL-1, because it has not been determined whether CEP-1 is involved. Physiological and DNA damage germ cell apoptosis pathways are suppressed by the PAX-2 and EGL-38 Pax-family proteins, which increase transcription of the anti-apoptotic protein CED-9.
4. Functions, regulation, and conservation of physiological germ cell apoptosis 4.1. Physiological germ cell apoptosis: the "nurse cell" model Physiological germ cell apoptosis commences in early adulthood, increases over time, and is thought to eliminate at least half of all oogenic germ cells that are generated (Gumienny et al., 1999) . Physiological apoptosis is not required for oogenesis, but if this cell death is blocked, the number of offspring is reduced under some conditions (Boag et al., 2005; Gumienny et al., 1999) . Why might it be advantageous for so many developing oocytes to die? The most attractive model involves the idea that germ cells in pachytene serve as nurse cells for maturing oocytes. According to this model, an excess of germ cells supply cytoplasmic components essential for growth of developing oocytes, and a stochastic selective mechanism culls the number of germ cells allowed to differentiate into oocytes, thereby increasing the amount of cytoplasm available to each enlarging oocyte (Gumienny et al., 1999) .
Considerable evidence supports the "nurse cell" model. Physiological germ cell apoptosis occurs in the region of the gonad where developing oocytes begin to enlarge ( Figure 1A) , thus maximizing the time that these nuclei survive to serve as nurse cells. Electron microscopy studies indicate that in this region germ cell nuclei all appear generally normal, aside from the small number that have already begun to undergo apoptosis. The doomed nuclei become cellularized rapidly, and are subsequently engulfed in a manner that provides most of their surrounding cytoplasm to the central gonad rachis ( Figure 1B ; Gumienny et al., 1999) . When apoptosis is prevented (in ced-3 or ced-4 mutants), young animals do not produce obviously abnormal oocytes, which would be expected if physiological germ cell apoptosis were culling defective nuclei, but older germlines accumulate oocytes that are smaller than normal. Within the central gonad rachis, cytoplasm actually flows towards the cellularizing oocytes at the proximal gonad end, suggesting that in general pachytene stage germ cells function as "factories" that provide cytoplasmic components to those oocytes (Wolke et al., 2007) . Finally, physiological germline apoptosis does not occur during spermatogenesis. Sperm contain very little cytoplasm, making it possible for all sperm nuclei to form gametes without cytoplasm becoming limiting (Gumienny et al., 1999) . Sperm precursors also do not undergo apoptosis in response to stress, perhaps because sperm may be more expendable than oocytes.
Mechanisms that influence physiological germ cell apoptosis
It is not known how the core cell death mechanism is triggered in physiological germ cell apoptosis, but a number of genes and processes have been identified that affect the frequency of this cell death. For example, Ras/Mitogen-activated protein kinase (MAPK) signaling is a key regulator of physiological germline apoptosis (Gumienny et al., 1999; Park et al., 2006) . This apoptosis is prevented if MAPK signaling is blocked, and occurs at excessive levels when MAPK signaling is aberrantly activated. Increased germline apoptosis is seen when MAPK is released from inhibition by loss of either the predicted MAPK phosphatase LIP-1 or the predicted RNA-binding protein GLA-3, which influences various somatic Ras/MAPK-dependent events (Kritikou et al., 2006; Lettre et al., 2004) . Ras/MAPK signaling is required for many steps in meiosis, including exit from the pachytene stage (Church et al., 1995; Hajnal and Berset, 2002; Leacock and Reinke, 2006) . It is therefore still unclear whether this pathway provides a primary initiating signal for physiological germ cell apoptosis, or directs germ cells to progress to a stage where they are more susceptible to pro-apoptotic signals (Gumienny et al., 1999) .
C. elegans contains a single anti-apoptotic Bcl-2 family protein, CED-9, which is essential for inhibiting cell death. An exciting recent study showed that C. elegans Pax transcription factors, which influence apoptosis in many species, prevent inappropriate germ cell and somatic apoptosis by directly activating ced-9 transcription (Figure 2 ; Park et al., 2006) . In addition, physiological germ cell apoptosis occurs in the absence of MAPK signaling in hermaphrodites with decreased CED-9 levels (Gumienny et al., 1999; Park et al., 2006) , suggesting that regulation of ced-9 expression may be important for establishing the underlying sensitivity of germ cells to apoptosis. Further supporting this idea, the C. elegans ortholog of the retinoblastoma susceptibility protein RB (LIN-35) is required for physiological germ cell apoptosis to occur at normal levels, because it reduces ced-9 expression (Schertel and Conradt, 2007; Figure 2 ). In addition, subunits of the E2F transcription factor, which targets RB to genes, seem to promote physiological germ cell apoptosis by increasing the expression of ced-3 and ced-4. RB and E2F components are also required for DNA damage-induced apoptosis to occur. Taken together, these results suggest that regulation of the core apoptotic apparatus at the transcriptional level may be of general importance for modulating germ cell apoptosis.
Germline Survival and Apoptosis
Additional genes that prevent physiological germ cell apoptosis from occurring at excessive levels have been identified in various studies (Table 1) , including a whole genome RNAi screen, and a targeted RNAi screen that tested a large set of genes involved in cell signaling and protein trafficking (Lackner et al., 2005; Lettre et al., 2004) . This list is almost certainly incomplete, because RNAi is not always fully penetrant, and because the whole genome RNAi screen specifically identified positives that did not result in sterility (Lettre, et al., 2004) . Nevertheless, it is striking that only a modest number of genes have been identified that are required to prevent physiological germ cell apoptosis from occurring at excessive levels (we refer to these as germ cell apoptosis genes). This suggests that only a limited set of cellular functions may affect physiological germ cell apoptosis. Increases in this apoptosis do not in general represent a non-specific response to a catastrophic oogenesis defect, since null or strong loss-of-function mutants in some germ cell apoptosis genes are fertile (car-1, cpb-3, gla-3) , and in other cases, RNAi increases apoptosis dramatically without causing sterility (Table 1) . When some germ cell apoptosis genes are lacking, fertility is reduced if apoptosis is prevented (Boag et al., 2005) , suggesting that the physiological germ cell apoptosis pathway responds to and may ameliorate particular defects in oogenesis. vps-11, vps-16, vps-18, vps-33, vps-39, vps-41 2,9 HOPS complex; interacts with Rab7 vps-41: maternal effect embryonic lethality and partial larval arrest. Otherwise, N.R.
Physiological germ cell apoptosis is defined here as being cep-1-and egl-1-independent (see text). 1 The proteins encoded by these genes interact with each other physically and functionally in multiple species, and are present in mRNA-protein P-bodies (see text). (Kinchen et al., 2008) . C. elegans gene designations for vps -11, vps-16, vps-18, vps-33, and vps-39 can be found in (Lackner et al., 2005) . N.R., not reported.
Many germ cell apoptosis genes encode RNA-binding proteins (Table 1) . Remarkably, in diverse species three of these proteins (CGH-1, CAR-1, CPB-3) interact physically and functionally with each other, and have been implicated in translational regulation of mRNA that is sequestered in oocytes and other cells (Audhya et al., 2005; Barbee et al., 2006; Boag et al., 2005; Decker and Parker, 2006; Squirrell et al., 2006; Weston and Sommerville, 2006; Wilczynska et al., 2005; Wilhelm et al., 2005) . Each of these three proteins is also found in protein-mRNA processing (P)-bodies, cytoplasmic structures in which multiple mRNA translational suppression and degradation mechanisms are congregated, suggesting a link between some P-body functions and physiological germ cell death. In addition, lack of other RNA-binding proteins leads to germ cell apoptosis that has not been established to be egl-1-independent, but might be mediated through the physiological pathway. These RNA-binding proteins include the CPB-3-associated protein DAZ-1 (Hasegawa et al., 2006; Karashima et al., 2000) , and the PUF-family proteins FBF-1 and -2 (Cho et al., 2007) . Interestingly, germ cell death associated with a depletion of FBF-1 and -2 occurs only in the absence of FSHR-1, the somatic glycoprotein hormone receptor ortholog (Cho et al., 2007) . Fertility was restored when this cell death was blocked, further supporting the idea that germ cell apoptosis is regulated by specific signals, and is not simply a non-specific consequence of a developmental catastrophe.
Many proteins that profoundly influence physiological apoptosis are involved in mRNA metabolism. One possibility is that these mRNA regulatory factors affect the expression of apoptosis control proteins. For example, the mRNA-binding protein GLD-1 directly represses translation of cep-1, which is required for DNA damage-induced germ cell apoptosis (see Section 6; Schumacher et al., 2005) . GLD-1 also reduces the frequency of cep-1-independent apoptosis, suggesting that it might inhibit translation of an additional pro-apoptotic factor. Alternatively, these RNA binding proteins might influence a "checkpoint" that monitors allocation of cytoplasmic contents as oocytes begin to cellularize. Considering the latter idea, it is interesting that cep-1-independent germ cell apoptosis also appears to increase dramatically when a set of proteins involved in endosomal membrane and protein trafficking is lacking, although it it not yet known whether the increased steady state level of apoptotic corpses seen upon RNAi of these genes is due to excessive apoptosis or delayed corpse engulfment (Table 1) . These genes include the C. elegans orthologs of the Rab5 and Rab7 GTPases along with multiple members of the HOPS complex, which interacts functionally with these GTPases. In addition, the death-inhibiting RNA-binding proteins CAR-1 and CGH-1 (Table 1) are required for early embryonic cytokinesis, and CAR-1 and its Drosophila ortholog Trailerhitch have been implicated in endoplasmic reticulum membrane organization and protein trafficking, respectively (Audhya et al., 2005; Boag et al., 2005; Squirrell et al., 2006; Wilhelm et al., 2005) . These last observations suggest a third speculative model; perhaps the frequency of germ cell apoptosis is influenced by the processes required for individual oocytes and apoptotic germ cell nuclei to become fully enclosed by the plasma membrane. If apoptosis signals spread inappropriately when apoptotic nuclei are not effectively isolated from their neighbors, this could explain why corpses are frequently seen in clusters when germ cell apoptosis is abnormally elevated ).
Possible conservation of physiological germ cell apoptosis
Physiological germ cell apoptosis during C. elegans oogenesis may be conserved broadly among eukaryotes, including humans (Baker, 1963; Borum, 1961; Pepling, 2006) . During early meiotic prophase, developing mammalian oocytes are interconnected within cysts and transfer cytoplasmic components amongst themselves. Around or just after the time of birth, approximately two thirds of these developing oocytes die by apoptosis; concomitantly, the cytoplasmic connections break down and the oocytes cellularize (Pepling, 2006; Pepling and Spradling, 2001 ). The surviving oocytes form primordial follicles. The parallels to C. elegans physiological apoptosis are striking. Mammalian oocyte apoptosis occurs around or just after the transition from pachytene to diplotene, and is associated with the loss of intercellular communication between oocytes (Pepling and Spradling, 2001). In fact, it has been proposed that the eliminated mammalian oocytes act as nurse cells, as in C. elegans (Pepling, 2006) . Another intriguing model is that germ cell apoptosis eliminates defective mitochondrial genomes and prevents their transfer to the next generation (Krakauer and Mira, 1999) . This is largely theoretical, however, because little is understood about how mitochondrial DNA integrity is maintained over generations in any organism. As mechanisms that regulate C. elegans physiological germ cell apoptosis are identified, it will be of intense interest to investigate their possible role in the developmental apoptosis that occurs during mammalian oogenesis.
DNA damage-induced germ cell apoptosis
The discovery of physiological germ cell apoptosis prompted studies to test the possibility that DNA damage might induce germ cell apoptosis . The correct maintenance and duplication of genetic information is constantly challenged by genotoxic stress, which may occur as a consequence of mistakes in DNA Germline Survival and Apoptosis replication, misincorporation of nucleotides, oxidative damage, irradiation, or exposure to genotoxic chemicals. In response to genotoxic stress, cells activate conserved DNA damage checkpoint pathways that lead to DNA repair, to transient cell cycle arrest, or to apoptosis and the demise of genetically damaged cells that might harm the organism. Studies focusing on DNA damage responses after ionizing irradiation (IR) revealed the first example of C. elegans apoptosis that was induced by DNA damage . That discovery set the stage for genetic dissection of DNA damage response pathways, including both evolutionarily conserved and novel components. It turned out that germ cells, but not somatic cells, are able to undergo DNA damage induced apoptosis. As is the case for physiological apoptosis, only pachytene stage germ cells undergo apoptosis upon stress, and stress-induced apoptosis has not been observed in the male germline. Germ cell apoptosis induced by genotoxic insults is morphologically indistinguishable from physiological germ cell apoptosis, and requires the core apoptotic genes ced-9, ced-4, and ced-3 (Figure 2 ). However, in contrast to physiological germ cell apoptosis, the worm BH3-only protein EGL-1 is required for DNA damage to induce germ cell apoptosis, indicating that this stress-induced apoptosis is regulated through a different pathway.
The notion that double strand breaks might be the trigger of IR-induced apoptosis is supported by the correlation between elevated levels of double strand breaks and elevated levels of germ cell apoptosis in DNA double strand break repair mutants such as brca -1, brca-2 and rad-51 (Alpi et al., 2003; Chin and Villeneuve, 2001; Gartner et al., 2000; Martin et al., 2005; Whetstine et al., 2006) . Similarly, RNAi of the histone H3 K9/K36 histone demethylase JMJD2A leads to elevations in double strand DNA breaks and germ cell apoptosis (Whetstine et al., 2006) . In addition, more recent studies have implicated multiple additional genotoxic insults such as UV irradiation (Derry et al., 2007; Stergiou et al., 2007) , DNA alkylating agents (Holway et al., 2006) , and misincorporation of uracil into DNA as triggers for germ cell apoptosis (Dengg et al., 2006) . Some of these DNA damaging agents do not necessarily cause increased levels of DNA double strand breaks, and their effects can be genetically separated from IR-induced apoptosis (see below).
Multiple genes are required specifically for induction of DNA damage-induced apoptosis, and not for somatic cell apoptosis or physiological germ cell apoptosis . Amongst mutants that are defective specifically in DNA damage-induced apoptosis, those with defects in upstream DNA damage sensing and signal transduction are predicted to be defective in all DNA damage responses, including DNA repair and transient mitotic germ cell cycle arrest. Sensitivity to DNA damage is scored via the so-called Rad survival assay, where worms are irradiated at the L4 larval stage, and levels of irreparable DNA damage in affected germ cells are assessed by scoring the survival rates of the resulting progeny . The first mutations associated with defects in irradiation-induced apoptosis turned out to impair all DNA damage responses, and were later mapped to the mrt-2, clk-2 and hus-1 loci (Table 2) . mrt-2 and hus-1, which also function in telomere replication (see Section 9), have homologs in mammals and yeasts (Ahmed and Hodgkin, 2000; Gartner et al., 2000; Hofmann et al., 2002) . These proteins are part of the conserved 9-1-1 PCNA-like DNA sliding complex, which associates with DNA double strand breaks in vivo. Loading of the 9-1-1 complex depends on the HPR-17 clamp loader, which has a role in telomere elongation and is functionally conserved in C. elegans (Table 2; Boerckel et al., 2007) . (Stergiou et al., 2007) , 12 (Derry et al., 2007) , 13 Table 2 ). ATR binds to damaged DNA upon either irradiation or replication stress (Garcia-Muse and Boulton, 2005) . ATM is thought to play a minor role in the DNA damage checkpoint response, as atm mutants are only partially defective in responding to IR. However, some conflicting data based on atm RNAi suggest a more prominent role of ATM in IR-induced apoptosis Table 2 ). chk-2 is needed for meiotic chromosome pairing and for mediating UV-triggered germ cell apoptosis, but not for IR and replication stress-induced checkpoint responses . Interestingly, the nucleotide excision repair genes xpa-1 and xpg-1, which are required for removal of UV-induced DNA lesions such as cyclobutane pyrimidine dimers and 6-4 photoproducts (Costa et al., 2003; Prakash and Prakash, 2000) , also seem to have a function in the DNA damage sensing checkpoint, as UV-induced apoptosis is dramatically reduced in these mutants (Table 2; Stergiou et al., 2007) .
clk-2 is a functionally conserved checkpoint gene that was first uncovered by C. elegans genetics. The mn159 allele was found in a screen for mutations conferring hypersensitivity to IR, and called rad-5(mn159), while clk-2(qm37) was found in a screen for mutations that slow worm development and lead to an extended life span (Benard et al., 2001; Hartman and Herman, 1982) . The clk-2(qm37) lifespan extension is weak, and may derive indirectly from its slow growth phenotype (Harris et al., 2006) . Both clk-2 mutations are temperature sensitive, resulting in embryonic lethality at restrictive temperature, while checkpoint defects in response to IR and UV-induced DNA damage and replication stress occur at permissive temperature Stergiou et al., 2007;  Table 2 ). The CLK-2 protein is the ortholog of S. cerevisiae tel2, which has been implicated in regulation of yeast telomere length and binds telomeric DNA in vitro (Kota and Runge, 1999) . In C. elegans clk-2 does not seem to affect telomere length ), but has been implicated in sensing misincorporation of uracil into DNA (Dengg et al., 2006) . Uracil incorporation results from use of dUTP instead of dTTP by DNA polymerases and is the most common type of endogenous damage. Excessive dUTP incorporation leads to cell cycle arrest and apoptosis in the germline, and ultimately to lethality. The DNA damage response phenotypes can be suppressed by mutations in either clk-2 or the ung-1 base excision repair gene. Therefore, ung-1 may have a DNA damage checkpoint function in addition to its previously known role in base excision repair. In contrast to clk-2, mrt-2 cannot suppress apoptosis and cell cycle arrest triggered by excessive levels of dUTP incorporation.
Recent studies indicate that clk-2 is functionally conserved from yeast to humans. The fission yeast homolog has been implicated in S-phase regulation and DNA damage checkpoint responses (Shikata et al., 2007) . Human CLK-2 physically interacts with the ATR complex, and is required for both the replication checkpoint and DNA crosslink repair pathway, where it affects the DNA damage-induced monoubiquitination of the FancD2 repair protein (Collis et al., 2007) . Mechanistically, CLK-2 seems to promote S-phase checkpoint activation by preventing CHK-1 kinase degradation (Collis et al., 2007) . In fission yeast CLK-2 interacts with the PI3 kinase Tor2, and in humans CLK-2 was recently shown to bind to and be required for the stability of all PI3 kinases, including ATR and ATM (Hayashi et al., 2007; Takai et al., 2007) 6. cep-1 (p53/p63) and the regulation of DNA damage-induced germ cell apoptosis Mammalian p53 acts primarily as a transcription factor, and is essential for maintaining genome stability and triggering apoptosis in abnormal cells that might be predisposed to form tumors (Pierotti and Dragani, 1992; Roemer, 1999; Vogelstein et al., 2000) . The central role of p53 as a tumor suppressor is demonstrated by the fact that most human cancers evolve ways to evade p53 tumor suppressor activity by selecting for mutations in p53 itself, inactivating upstream signaling components (Bartek and Lukas, 2003; Sharpless and DePinho, 1999) , or over-expressing negative regulators such as Mdm2 (Freedman et al., 1999) . The p53 homologs, termed p63 and p73, also impinge on DNA damage response regulation (Suh et al., 2006) . While p53 does not have an obvious developmental role in mammals, p63 and p73 are strongly implicated in developmental control (for review, see (Muller et al., 2006) .
The only known gene product that uniquely affects IR-induced apoptosis in C. elegans is CEP-1 (C. elegans p53-like), a primordial p53 family member (Table 2 ; Derry et al., 2001; Schumacher et al., 2001 ). Due to low sequence identity between CEP-1 and its homologs, which is mostly restricted to the DNA-binding domain, it has been unclear whether CEP-1 is most closely related to mammalian p53, p63, or p73. Given its role in DNA damage-induced apoptosis, CEP-1 was initially thought to be most closely related to p53, although its sequence is more similar to p63 (Suh et al., 2006) . A relationship to p63 is corroborated by data suggesting that an ancestral p63 isoform controls DNA damage-induced apoptosis in the mouse germline (Suh et al., 2006) . CEP-1 is able to bind, albeit with lower affinity, to human p53 consensus sites, and structural analysis indicates that some key features of its DNA binding are conserved (Huyen et al., 2004; Schumacher et al., 2001) . Unlike mammalian p53, but similar to Drosophila p53, cep-1 is not required for IR-induced cell cycle arrest Schumacher et al., 2001 ). However, more recent studies implicated cep-1 in UV-induced cell cycle arrest of mitotic germ cells, perhaps by transcriptionally inducing the phg-1 gene (Derry et al., 2007; Stergiou et al., 2007) . The dual function for CEP-1 in IR and UV-induced apoptosis and UV-induced cell cycle arrest is consistent with the accumulation of CEP-1 protein in mitotic germ cells and late pachytene stage cells (Schumacher et al., 2005) . In response to IR, CEP-1 induces transcription of genes encoding two BH3 domain only proteins, EGL-1 and CED-13 (Schumacher et al., 2005) . Similarly, mammalian p53 transcriptionally induces BH3 only domain proteins, PUMA and Noxa (Oda et al., 2000; Yu et al., 2001 ). An attractive idea is that transcriptional induction of BH3 domain-only proteins by CEP-1/p53 is the central and conserved regulatory node through which DNA damage induces apoptosis.
Several negative regulators of cep-1 have been identified. Based on bioinformatics, it seems unlikely that the worm genome encodes a homolog of MDM-2, an E3 ligase and the most common negative regulator of p53 in mammals. However, the p53-binding protein IASP-1 (Bergamaschi et al., 2003) appears to be conserved. Both human IASP-1 and its worm homolog APE-1 are able to bind directly to p53 and CEP-1, respectively, and depleting iasp-1/ape-1 enhances p53 and cep-1-dependent apoptosis in the respective systems. Interestingly, however, while ape-1 inactivation leads to elevated cep-1-dependent apoptosis in the absence of genotoxic agents, increased apoptosis in response to DNA-damaging agents is not further increased by ape-1 RNAi, in apparent contrast to what might be expected from a negative regulator of cep-1 (see below).
Another gene that has been implicated in negatively regulating cep-1 is the abl-1 tyrosine kinase (Deng et al., 2004) . Although no direct interaction between ABL-1 and either CEP-1 or any other upstream DNA damage checkpoint pathway component has been established, abl-1 acts specifically on DNA damage induced apoptosis. Interestingly, the phenotype of abl-1 knockouts can be mimicked by treating worms with chemical inhibitors of the ABL-1 kinase, including Gleevec(r) (imatinib mesylate), a drug used in human cancer therapy. Recent studies also confirmed a role of C. elegans akt-1 and akt-2 kinases, which had previously been implicated in insulin signaling, in down-regulating cep-1 (Quevedo et al., 2007) . While disruption of both proteins leads to sterility, single knockouts elevate levels of cep-1-dependent apoptosis. These kinases seem to act upstream of cep-1, as their removal appears to result in elevation in CEP-1 abundance, posttranscriptional modification, or both.
The GLD-1 translational repressor, which controls several aspects of germline development, negatively regulates cep-1 expression (Schumacher et al., 2005 ). An unusual hypomorphic gld-1 mutation, op236, was isolated in an unbiased genetic screen for genes that decrease CEP-1 activity. GLD-1 binds directly to the cep-1 3'UTR and represses CEP-1 translation. Interestingly, whereas the GLD-1 op236 mutant protein binds poorly to the cep-1 3'UTR, it binds and regulates many developmental GLD-1 target mRNAs, which is consistent with the virtually wild type appearance of gld-1(op236) gonads. GLD-1 binding to the cep-1 3'-UTR is necessary and sufficient for cep-1 translational repression, as replacing the cep-1 3'UTR with an unrelated UTR renders cep-1 insensitive to GLD-1-mediated repression. It will be interesting to explore the role and function of other op236-like mutations in the future and to assess whether the human homolog of GLD-1, called quaking, similarly controls p53 expression.
In addition to classic genetic approaches that led to the discovery of the above described genes, functional genomics and RNAi based studies implicated several additional loci in DNA damage induced apoptosis (Boulton et al., 2002; van Haaften et al., 2006;  Table 2 ). Furthermore, transcriptional coactivators previously thought to be dedicated to the Notch signaling pathway, called Mastermind-like (MAML)1-3 in mammals and LAG-3/SEL-8 in C. elegans, turned out to function as transcriptional coactivators of p53 and CEP-1, respectively (Zhao et al., 2007) . However, an effect of these coactivators on the DNA damage response has not yet been tested by mutational analysis.
An important question is whether germ cell DNA damage checkpoints, cell cycle arrest, and apoptosis are critical for preventing mutagenesis or maintaining genome integrity under normal circumstances. To address this question, mutation rates in various checkpoint mutants have been assessed (Harris et al., 2006) . In these experiments, the accumulation of mutations, which mostly comprised of small deletions, correlated with the degree of radiation sensitivity associated with the particular mutant tested, but not with its propensity for either DNA damage-induced apoptosis or cell cycle arrest. For example, mrt-1 and hus-1 mutants are highly sensitive to radiation, and showed the highest spontaneous mutation rate. In contrast, clk-2 alleles are less sensitive to ionizing irradiation and accumulated few or no spontaneous mutations. All three mutants are equally defective in DNA damage-induced cell cycle arrest and apoptosis. In addition, no mutator phenotype was detected in cep-1 mutants or in mutants defective in the core cell apoptosis pathway (Harris et al., 2006) . Thus, checkpoint-mediated DNA repair seems to be by far the most important function of DNA damage checkpoint genes with respect to maintaining genome stability. Interestingly, however, checkpoint-induced apoptosis might be very important for monitoring meiotic recombination and chromosome pairing (see Section 7).
Meiotic recombination and pairing checkpoints
Besides DNA damage, defects in meiotic prophase checkpoints can also trigger apoptosis during pachytene. During meiotic prophase, homologous chromosomes pair and engage in meiotic recombination. These processes are monitored by distinct recombination and pairing checkpoints. The meiotic recombination checkpoint was uncovered by inactivation of key genes involved in double strand break repair and meiotic recombination, such as rad-51 and brca-2 (Alpi et al., 2003; Gartner et al., 2000; Martin et al., 2005) . Inactivation of these genes results in germ cell apoptosis that requires the cep-1, clk-2 and mrt-1 checkpoint genes. Consistent with the recombination checkpoint being involved in monitoring meiotic recombination, the excessive levels of apoptosis occurring in rad-51 mutants are bypassed by inactivating the SPO-11 nuclease, which is required for generating meiotic DNA double strand breaks . At present, pathways leading to double strand break-induced apoptosis and recombination failure-induced apoptosis cannot be genetically separated. This suggests that IR-induced germ cell apoptosis may derive primarily from double strand breaks.
Meiotic chromosome pairing occurs in several steps. Initial chromosome recognition and pairing, referred to as synapsis-independent pairing, is followed by synapsis, which is the intimate pairing and assembly of homologous Germline Survival and Apoptosis chromosomes into a proteinacious scaffold termed the synaptonemal complex (SC). In most organisms, but not in D. melanogaster and C. elegans, pairing is dependent on meiotic double strand breaks generated by the SPO-11 nuclease (Dernburg et al., 1998) . Because in C. elegans spo-11-dependent double strand breaks are not required for pairing, the recombination and pairing checkpoints are separate, each resulting in germ cell apoptosis (Bhalla and Dernburg, 2005) , for review see (Meier and Gartner, 2006) . Cis-acting mutations in the X-chromosome pairing center (PC), a region needed for efficient pairing initiation, trigger the DNA damage checkpoint and spo-11-independent apoptosis (Bhalla and Dernburg, 2005) . Apoptosis was, however, blocked in pch-2 mutants, which do not affect DNA damage-induced apoptosis (Bhalla and Dernburg, 2005) . Thus, the failure to pair might be sensed by a pch-2 dependent pairing checkpoint, and that checkpoint may in turn lower the frequency of meiotic nondisjunction. Indeed, the nondisjunction frequency of mutants hemizygous for the X chromosome PC is enhanced in a ced-4 apoptosis defective background (Bhalla and Dernburg, 2005) .
The DNA damage checkpoint is activated in him-8 mutants that are defective in X-chromosome pairing and in mutants containing a PC deletion on chromosomes. This may be explained by accumulation of unprocessed meiotic double strand breaks that are generated by SPO-11, but cannot be repaired by gene conversion due to a failure in pairing . In line with the notion that the pachytene checkpoint may deal with meiotic double strand breaks, the frequency with which chromosomes fail to pair in him-8 hermaphrodites is enhanced in ced-4 apoptosis-defective mutants . Thus, defects in both meiotic recombination and pairing might lead to elimination of compromised cells, which under natural conditions might be the most important function of checkpoint-dependent pachytene cell apoptosis. In this context, it is interesting to note that CEP-1 abundance is inversely correlated with ongoing recombination: CEP-1 is absent in transition zone nuclei where recombination is initiated and is actively taking place, and high in late pachytene nuclei that have completed recombination and where apoptosis occurs. (Alpi et al., 2003; Schumacher et al., 2005) . Thus, CEP-1 abundance might be regulated so that apoptosis cannot be triggered by double strand breaks that occur naturally during meiotic recombination, but can be induced in late pachytene cells if recombination intermediates are not repaired in a timely manner.
Other stresses that induce germ cell apoptosis
In addition to the DNA integrity checkpoint described above, germ cell apoptosis is also increased by exposure to certain environmental stresses and particular pathogens (Aballay and Ausubel, 2001; Salinas et al., 2006) . As is true for DNA damage, these stresses do not induce apoptosis of somatic cells, but instead specifically increase apoptosis during oogenesis.
Various environmental stresses that do not directly compromise genomic integrity (oxidative, heat, salt, starvation) nevertheless induce germ cell apoptosis (Salinas et al., 2006) . Apoptosis induced by these stresses does not require either egl-1 or cep-1, indicating that the physiological apoptosis pathway or a parallel egl-1-independent mechanism is involved (Figure 2 ). The induction of apoptosis by oxidative, heat, or osmotic stress depends upon the redundant activities of the conserved p38 and JNK stress-activated protein kinase pathways, as indicated by overlapping requirements for the corresponding MAPK kinases, SEK-1 and MEK-1, respectively. This cell death induction also requires abl-1, an intriguing finding given that abl-1 antagonizes cep-1-mediated induction of germ cell apoptosis (see Section 6). Starvation induces germ cell apoptosis independently of MEK-1, SEK-1 and ABL-1, and therefore must act through a different mechanism. Because these environmental stresses do not affect genomic integrity, each is likely to place severe demands on the oocyte cytoplasm. If the dying oocyte nuclei act as "nurse cells" under these stress conditions (Section 4.1), the increased apoptosis might buy time, during which damaged components can be repaired or re-synthesized before incorporation into oocytes. Further analysis of how these "cytoplasmic" stresses influence developmental germ cell apoptosis may yield important insights not only into how germ cells respond to adversity, but also into how physiological germ cell apoptosis is normally regulated.
Germ cell apoptosis is also readily activated in response to infections with pathogenic Salmonella typhimurium strains (Aballay and Ausubel, 2001 ). This pathogenesis-induced germ cell apoptosis depends on signaling through SEK-1 and its downstream p38 kinase PMK-1 (Aballay et al., 2003) . Interestingly, this apoptosis also requires egl-1 (Aballay and Ausubel, 2001), indicating that p38 signaling can promote germ cell apoptosis through egl-1-dependent (pathogenesis) and -independent (environmental stress) pathways. The role of p38 signaling in germ cell apoptosis thus appears to be highly complex, a notion that is reinforced by the finding that the p38 kinase PMK-3 is required to prevent excessive physiological apoptosis (Lettre et al., 2004) . For the stresses discussed so far in this chapter, it is thought that increases in apoptosis ultimately preserve the functionality and integrity of oogenesis. Interestingly, if the core apoptosis machinery is disabled, C. elegans are less likely to survive Salmonella typhimurium infection, suggesting that under these conditions germ cell apoptosis enhances the fitness of the whole organism (Aballay and Ausubel, 2001) . Perhaps this apoptosis allows key metabolic resources to be diverted towards defending against the pathogen attack. Germ cell ablation increases C. elegans lifespan under non-stressed conditions, by acting through the somatic gonad and intestine in an endocrine pathway (Berman and Kenyon, 2006) . During pathogen infection, germ cell apoptosis might promote survival through a similar systemic mechanism.
Germ cell immortality
Germ cells and somatic cells are likely to be subject to distinct selective pressures, as somatic cells are optimized to contribute to the fitness for one generation, whereas germ cells are optimized for both the maintenance of eternal proliferative potential and the accurate transmission of the genetic material. This dichotomy is most extreme in the worm life cycle, as adult somatic cells are entirely postmitotic and invariantly derive from the feritilized zygote by a limited number of cell cycles, rather than being continuously replenished by adult somatic stem cells as in most other animals. Thus, while somatic tissues may tolerate high levels of DNA damage, germline-specific checkpoints might have evolved to guard germ cells from acquiring deleterious mutations that could be passed on to the next generation.
Recent studies have addressed the connection between DNA damage checkpoint pathways, germ cell apoptosis and DNA repair factors, and the maintenance of immortal germlines . Unbiased genetic screens have identified mutants that are defective in germ cell immortality (Ahmed and Hodgkin, 2000) . These mrt (mortal germline) mutants proliferate normally for several generations, before eventually becoming sterile due to defects in germ cell proliferation. Several of these mutants have been implicated in telomere length maintenance (Ahmed and Hodgkin, 2000; Meier et al., 2006) . Their mortal germ cell phenotype can be explained by a loss of telomerase activity. This defect results in progressive telomere attrition, which leads in turn (after 10 to 15 worm generations) to critically short telomeres that may engage in chromosomal fusion events and concomitant genome instability. Besides telomerase, which is not required for DNA damage responses, genes encoding the 9-1-1 DNA damage checkpoint complex (e.g. mrt-2 and hus-1) are needed for telomere length maintenance (Ahmed and Hodgkin, 2000; Boerckel et al., 2007; Hofmann et al., 2002; Meier et al., 2006) . The mammalian hus-1 ortholog was recently also implicated in telomere replication, and is likely to be required for telomerase loading (Francia et al., 2006) . In addition to 9-1-1 complex components, the C. elegans him-6 gene, which is a homolog of the Blooms syndrome gene and apparently not involved in controlling telomere length, was also implicated in germ cell mortality Grabowski et al., 2005) . In this last case, excess apoptosis presumably occurs due to accumulation of excessive DNA damage.
The above observations suggest that germ cell apoptosis may contribute to immortality by eliminating compromised germ cells. However, germ cell immortality does not require the elimination of faulty cells by apoptosis, at least under standard laboratory conditions, as cep-1, ced-3, and ced-4 mutations are not mortal . Similarly, no obvious correlation exists between postmitotic aging phenotypes and germ cell mortality, as short lived daf-16 and daf-18 mutants do not have a mortal germline phenotype and as telomerase mutations in turn do not affect postmitotic longevity . Given that many mortal germ cell mutations do not seem to affect telomere length and DNA repair, it will be interesting to identify additional mechanisms needed for maintaining immortal germ cells.
Conclusions
Apoptosis plays a prominent role during normal C. elegans oogenesis, and provides a means for eliminating oocytes with defective genomes. Thus, germ cell apoptosis is important not only for optimizing production and allocation of precious oocyte cytoplasmic contents, but also for maintaining genomic integrity for the next generation. The observation that developing C. elegans oocytes respond to environmental and genotoxic stress by undergoing apoptosis illustrates the uniqueness of the germline with respect to its need to eliminate genetically compromised cells.
Further analyses of germ cell apoptosis in C. elegans are likely to yield a number of important and interesting new findings. We can now be reasonably confident that physiological germ cell apoptosis optimizes the oogenesis process, but it remains of intense interest to elucidate how this cell death is regulated. Physiological germ cell apoptosis is induced by an important control point during oocyte development, and a novel and as yet unknown mechanism for activating the core apoptosis machinery. In addition, a mechanistic understanding of how cep-1-independent germ cell apoptosis is increased by environmental stress, and by apoptosis genes such as those listed in Table 1 , will identify processes and regulatory signals that are important for oogenesis. These mechanisms are likely to be relevant to the apoptosis that occurs in normal developing oocytes in mammals. With respect to DNA damage-induced apoptosis, now that the basic framework for the genome integrity checkpoint has been uncovered, it will be exciting to employ the genetic advantages of C. elegans to elucidate novel processes and mechanisms that are involved in this checkpoint. These mechanisms are also highly likely to be conserved. Finally, C. elegans will provide a powerful genetic system for identifying and probing mechanisms that are important for maintaining immortality of the germline, a biological process of fundamental importance. Much has been learned since the first description of C. elegans germ cell apoptosis was published in 1999. The fascinating complexity of what we now know about these apoptosis pathways suggests that this field will keep scientists busy for many years to come.
